Ablative and chronic stimulation procedures targeting the internal pallidum (GPi) and the subthalamic nucleus (STN) have led to major advancements in the treatment of Parkinson's disease and other movement disorders. Although these procedures have evolved to primarily target the posterior ventrolateral sensorimotor portion of GPi and to less selectively target STN, centrally, the ideal targets within these structures remain to be fully established. In this study, we sought to identify the optimal targeting sites in GPi and STN for reversal of parkinsonian signs through a series of reversible injections of the GABA A agonist muscimol in these nuclei in parkinsonian primates.
The basal ganglia are part of primarily segregated circuits that also involve the cortex and thalamus . Increased and abnormally patterned output in motor-related circuits of the basal ganglia to the thalamus may in part be responsible for the motor disturbances in Parkinson's disease (PD) (Albin et al., 1989; Bergman et al., 1990; DeLong, 1990; Wichmann and DeLong, 1996) . Based on this premise and from previous experiences with pallidal ablative surgeries in patients with PD (Talairach et al., 1950; Guiot and Brion, 1953; Riechert and Wolff, 1953; Narabayashi and Okuma, 1954; Cooper and Bravo, 1958; Svennilson et al., 1960) , the last decade has seen major advances in ablative and chronic stimulation techniques aimed at reducing basal ganglia output through interruption of neuronal activity in the internal pallidum (GPi) or the subthalamic nucleus (STN) (Laitinen et al., 1992; Benabid et al., 1994; Lozano et al., 1995; Krack et al., 1998; Baron et al., 1996 Baron et al., , 2000 Alvarez et al., 1999 Alvarez et al., , 2000 Fine et al. 2000) . Although the mechanisms by which electrical stimulation works in parkinsonian patients remain uncertain, the similarities between the effects of chronic stimulation and ablative lesions suggest that electrical stimulation may also serve to functionally inhibit the targeted nuclei.
Even with the large number of GPi and STN procedures being performed for treatment of PD, the ideal targets within these structures remain to be fully established. Based in large part on the results of early empirical investigations in patients (Svennilson et al., 1960) , most of the current pallidal lesioning and chronic stimulation procedures evolved to specifically target the ventrolateral posterior "sensorimotor" portion of GPi (DeLong, 1971; Vitek et al., 1998) . Some clinicians, however, have suggested that this strategy should be modified, for example, to include the central nuclear territory of GPi (Gross et al., 1999) or the pallidothalamic fibers (Iacono et al., 1997; Krauss et al., 1997; Patil et al., 1998) . Although experiments in parkinsonian monkeys (Wichmann et al., 1994b) suggested that lesioning the dorsolateral sensorimotor territory of the STN could also be a beneficial treatment option for PD; with few exceptions (Alvarez et al., 1999 (Alvarez et al., , 2000 , lesions have not been placed in this site, mostly because of concerns that permanent hemiballism could be induced (Martin, 1927; Whittier, 1947; Barlas et al., 2001; Guridi and Obeso, 2001) . Instead, chronic stimulation in STN has become an increasingly popular mode of treatment for PD. To avoid stimulation of corticospinal fibers in the adjacent internal capsule, stimulator leads are, however, generally targeted toward the center of STN and, therefore, could be predicted to nonselectively effect both motor and nonmotor basal ganglia circuits .
On this background, we sought to identify the optimal targeting sites in GPi and STN for reversal of parkinsonian signs through a systematic series of transient inactivation experiments in parkinsonian primates and to correlate these findings with the location of the sensorimotor territories in these nuclei.
MATERIALS AND METHODS

Animals
A total of seven monkeys (Macaca mulatta) were used for these studies. T wo animals (Monkeys D and Z) were used for the inactivation studies, four (Monkeys D, I, O, and Z) were used for mapping of neuronal responses to proprioceptive manipulations in GPi, and three (Monkeys T, Q, and U) were used for mapping of neuronal responses in STN. Each monkey was trained for several weeks to sit in a primate chair and to permit passive examination of the extremities, trunk, and orofacial region. All animal experimentation was performed in accordance with the policy on the use of animals in neuroscience research statement revised and approved by the Society for Neuroscience in January 1995 and with the approval of the Animal and C are and Use Committee of Emory University. 2, 3, 
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administration and surg ical procedures
After behavioral conditioning, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (M P TP HC l) (Sigma, St. L ouis, MO) was administered via a series of systemic injections (Monkeys T and U), intracarotid injections (Monkeys D and I), or via both routes (Monkey O, Q, and Z) to induce moderately severe bilateral parkinsonian signs. Subsequent to documenting by daily observations that the induced conditions were stable for at least 6 weeks, the animals underwent surgical placement of cylindrical stainless steel recording chambers (20 mm diameter) that were affixed over a trephined hole in the monkeys' skulls with dental acrylic. Metal bolts were also imbedded into the dental acrylic cap to permit subsequent stabilization of the animals' heads during recording and injection sessions. In all cases, one chamber was placed opposite the most affected side, targeting the external pallidum (GPe), GPi, and STN with a rostral parasagittal approach, 25°from the vertical. In Monkey D, an additional chamber was placed over the opposite hemisphere, targeting GPe in the coronal plane, 40°from the vertical. All surgeries were performed under 1-2% isoflurane anesthesia, with sterile techniques.
E xtracellular recording techniques
Glass-coated platinum -iridium microelectrodes (0.5-1.0 M⍀ impedance) were exclusively used for extracellular single-unit recording in STN and for part of the recordings in GPi. The electrodes were lowered through the dura into the brain using a hydraulic microdrive (Narishige, Tokyo, Japan). The subsequent injection experiments were performed using a combination recording-injection system described in detail previously (Hamada and DeL ong, 1992) . Briefly, this system consists of a 30 ga stainless steel cannula through which a thin Teflon-coated tungsten wire (75 m coated diameter; 60 -80 K⍀ impedance) is threaded. This low-impedance system permits isolation of individual cell activity in GPi and reliable distinction of multineuronal activity in STN. Using the microdrive, this system was introduced into the brain through a 24 ga stainless steel guide tube. Drugs were injected using a 10 l Hamilton syringe connected to the injection cannula via a Teflon tube.
Action potentials were amplified, filtered, displayed on an oscilloscope and played over an audio monitor. Based on the characteristic neuronal discharge frequencies and patterns of recorded cells (DeL ong, 1971; DeL ong et al., 1985) , the boundaries of the encountered nuclei were identified and plotted on graph paper. For all well isolated units in GPi and STN, an assessment for audible changes in neuronal discharge activity in response to passive manipulation of the contralateral forelimb and hindlimb and, in most cases, the trunk and orofacial regions was performed.
Pharmacolog ical injections
A pilot series of injections of the GABA A agonist muscimol hydrobromide (Sigma, St. L ouis, MO) at different concentrations (ranging from 0.1 to 4.0 g/l; dissolved in saline; 1.0 l volume) was performed in GPi and STN in one monkey (Monkey D) to identif y threshold concentrations that resulted in clear clinical benefits. Based on the effects seen with these concentrations, the subsequent injection experiments were performed with a concentration of 1.0 g/l in GPi and GPe and 0.1 g/l in the more tightly cellular compacted STN. Only one injection was performed per day.
In all experiments, muscimol was injected in 0.1 l boluses, in 30 sec intervals, to a total volume of 1.0 l. After each injection, the cannula was left at the injection site for an additional period of 5 min to prevent backflow along the injection track.
GP i. Muscimol injections were performed in Monkeys D and Z in three parasagittal planes, separated by 2 mm, with one to three injections per plane, separated by at least 1 mm. These injections were completed over 22 d in Monkey D (n ϭ 6 sites) and over 14 d in Monkey Z (n ϭ 8 sites).
GPe. Muscimol injections were performed in both monkeys in the same parasagittal planes used for injections into GPi (Monkey D, n ϭ 6 sites; Monkey Z, n ϭ 3 sites). Also, in Monkey D, additional injections were placed in GPe more laterally (n ϭ 3 sites) and in the opposite hemisphere (n ϭ 13 sites).
STN. Injections were performed in both monkeys over parasagittal planes separated by 1 mm, with one to two injections performed per plane, separated by at least 1 mm. These injections were completed over 20 d in Monkey D (n ϭ 5 sites) and over 18 d in Monkey Z (n ϭ 6 sites).
Controls. Injections of normal saline (1.0 l) were performed at multiple locations throughout the targeted nuclei. To test whether drug diff usion into the zona incerta could have accounted for behavioral effects from dorsal injections into STN, an additional injection of muscimol (0.1 g/l) was performed in the zona incerta in Monkey D.
Acquisition of behavioral data
Before the injections, the monkeys were placed into an observation cage and videotaped for a 20 min baseline period. T wenty minutes after each injection, the animals were again videotaped in the cage for another 20 min period. The delay after the injections was needed to remove the recording-injection system and to place the animal in the cage.
Data anal ysis
After completion of the experiments, an investigator blinded to the treatments and the locations of the injections reviewed the videotapes. Because the muscimol injections into individual nuclei were completed in clusters and because both Monkeys D and Z showed partial clinical recovery between these series of injections (see Results), the baseline assessments were grouped separately across individual nuclei.
The observation periods were scored for the following parameters: (1) contralateral forelimb akinesia and (2) generalized akinesia, both rated from 0 to 5 (0, none; 1, mild; 2, moderate; 3, moderately severe, with only three to four movements over the 20 min observation period; 4, severe, with one to two movements; and 5, extreme, with no movement); (3) generalized bradykinesia, rated from 0 to 4 (0, none; 1, slight; 2, mild to moderate; 3, moderately severe; 4, severe); (4) circling, rated 0 to 4 (0, none; 1, mild; 2, moderate; 3, severe; 4, extreme); (5) "atypical" behavior (for description, see Results), rated from 0 to 3 (0, none; 1, mild; 2, moderate; 3, severe); and (6) dyskinesias, rated from 0 to 3 (0, none; 1, mild; 2, moderate; 3, severe). Muscimol injection effects were considered significant if the postinjection scores differed from all of the corresponding baseline scores. The magnitudes of effects (see Figs. 2, 3) were graded by subtracting the effective postinjection scores from the corresponding mean baseline scores. Additional parkinsonian features, such as tremor, gait abnormality, and rigidity, were either absent or could not be objectively rated. Eye movement abnormalities were occasionally induced by the injections, but because the monkeys' eyes were not always adequately visualized on the videotapes, this parameter could not be systematically assessed.
Histolog y
At the completion of the experiments, the monkeys were killed with an overdose of pentobarbital (100 mg / kg) and perf used transcardially with normal saline, followed by 10% neutral formalin. The brains were then blocked, frozen, and sectioned in 50 m sections in the parasagittal plane. Every second section was stained with cresyl violet for visualization of injection cannula tracks. The location of neurons that were examined for sensorimotor passive responses and the injection sites were determined by comparing the histological data with the depth and coordinate readings during the physiological recording experiments.
RESULTS
Neuronal discharge was typically silenced within 1 to 3 min from the beginning of the injection. The onset of clinical effects generally occurred within 3-5 min after the completion of the muscimol injections and persisted for 90 min to 2 hr. The clinical scoring results from muscimol injections in GPi and STN are summarized in Table 1 .
GPe
None of the muscimol injections in GPe (n ϭ 25) in Monkeys D and Z produced clinically evident effects (see Fig. 2 ).
GPi
The somatotopic organization of neuronal responses to proprioceptive manipulations was similar between animals, and these data were therefore pooled across monkeys for GPi (n ϭ 4) and STN (n ϭ 3). Proprioceptive responses were found in 52% (132 of 252) of examined cells in GPi, including 70% (64 of 91) in the lateral third (L10 -L11), 54% (55 of 101) in the central third (L8 -L9), and 22% (13 of 60) in the medial third (L6 -L7) (Fig.  1A) . Forelimb responses were elicited in 31% (76 of 252) of cells, with the greatest percentage of responses present laterally (46% laterally, 28% centrally, and 13% medially). Hindlimb responses were elicited in 18% (46 of 252) of cells, with the greatest percentage of responses present centrally (18% laterally, 26% centrally, and 8% medially). The limb responses showed a strong proximal-to-distal gradient, with the majority of responses occurring at the shoulders and hips and infrequent responses elicited in the digits. Limb-related neurons responded in 39% (40 of 102) of cases to movements at more than one joint but rarely responded (5 of 102) to movements of both the contralateral forelimb and hindlimb.
Inactivation studies
Generalized akinesia markedly improved after muscimol injections in the central portion of GPi in both Monkeys D and Z (L8 central and L9 central , respectively) and to a lesser extent after a dorsolateral injection (L11 dorsal ) in Monkey D (Fig. 2) . Although more medial injections in both monkeys (L6 caudal and L7 caudal , respectively) were also associated with improved generalized akinesia scores, this activity was dominated by contralateral turning (see below). Generalized bradykinesia also improved after the centralmost injections in both monkeys, as well as after injections at L8 rostral and L6 caudal in Monkey Z. Injection effects on contralateral forelimb akinesia closely paralleled the improvements in generalized akinesia, with consistent benefits induced by the centralmost injections in both monkeys and additional effects produced by the dorsolateral injection in Monkey D. Contralateral circling, associated with contraversive neck and trunk twisting and contraversive gaze, was strongly induced by an especially medial, and caudal, injection (at L6) in Monkey Z and, to a lesser extent, by the most medial (and caudal) injection (at L7) in Monkey D. Atypical behavior, characterized by marked hypervigilance, and stereotypic hopping and skin picking was also induced by the medial injection in Monkey D. a Mean scores across multiple baseline observations (minimum number of observations; n ϭ 6).
*Indicates postinjection scores that differ from all corresponding baseline scores.
STN
Across monkeys (n ϭ 3), neurons with proprioceptive responses were concentrated in the dorsolateral portion of STN, with the sensorimotor territory extending progressively more ventrally toward the lateral region of STN (Fig. 1 B) . Proprioceptive responses were elicited in 39% (112 of 294) of cells. Of 112 responsive cells, 65% (73) responded to the examination of the forelimb, 25% (28) to the hindlimb, 4% (5) to the trunk, and 9% (10) to the orofacial region. Forelimb-related responses were concentrated laterally: 39% (41 of 103) of cells responded to forelimb manipulation at L8, 22% (25 of 109) at L7, 8% (6 of 72) at L6, and 14% (1 of 7) at L5. Hindlimb-related responses were concentrated centrolaterally: 2% (2 of 104) of cells responded at L8, 18% (20 of 109) at L7, 7% (5 of 75) at L6, and 0 of 7 at L5. Similar to the pattern in GPi, the limb responses showed a strong proximal-todistal gradient, with only infrequent responses elicited in the digits. Also similar to GPi, proprioceptive responses were commonly elicited at multiple joints [39% (40 of 101) of limbresponsive cells] and infrequently in both the contralateral forelimb and hindlimb [4% (4 of 101)].
Inactivation studies
General akinesia improved markedly after the most laterally placed injection (L8 central ) and moderately after a dorsal centrolateral (L7 dorsal ) injection of muscimol in Monkey D (Fig. 3) . The injections in STN in Monkey Z (overall more medial than the injections in Monkey D) had no clear effects on generalized akinesia or generalized bradykinesia. Because of spontaneous resolution of generalized bradykinesia (subsequent to the GPi studies), the effects of STN injections on bradykinesia could not be evaluated in Monkey D. Contralateral forelimb akinesia improved greatly after the most laterally placed injection in Monkey D and, to a lesser extent, after dorsal centrolateral injections (L7 dorsal ) in both animals. Contralateral circling, often accompanied by truncal and head turning, as well as contralateral gaze deviation, and horizontal nystagmus was strongly induced by the overall most medial and dorsal placed injection (L5 dorsal , Monkey Z) and, to a modest extent, by the lateral injection in Monkey D. Atypical behavior, characterized chiefly by hypervigilance, was strongly induced by a ventral injection in the same medialmost injected plane (L5 ventral ) and, to a lesser degree, by a ventral centrolateral injection (L7 ventral ) in Monkey Z. Mild, mainly action-induced choreac dyskinesias were induced in the contralateral hindlimb by the most lateral, and dorsal, injections in each animal (L8 central in Monkey D and L7 dorsal in Monkey Z).
Control injections
Scores did not change from baseline values after injections of physiological saline in GPi and STN and muscimol in the zona incerta (at L6.5 in Monkey D).
DISCUSSION
The results showed that inactivation of small portions of the sensorimotor territories of GPi and STN strongly ameliorates motor disturbances in parkinsonian primates. Inactivation of areas outside of the motor territories did not improve parkinsonism but induced circling and behavioral abnormalities. Injections into GPe produced no discernable effects. 
Effects of focal inactivation on parkinsonian motor disabilities
Based on autoradiographic studies of the spread of muscimol after intracerebral injections in rats (Martin 1991) , the effects of even our largest injections should have been restricted to a spherical area of no more than 1 mm in diameter. Akinesia and bradykinesia were strongly ameliorated in parkinsonian monkeys by inactivation of discrete areas within the centromedial extent of the sensorimotor territory in GPi and the lateral portion of the sensorimotor territory in STN. This suggests that the principle differentiation of the basal ganglia into motor and nonmotor areas remains intact in the parkinsonian state and that parkinsonian akinesia and bradykinesia are primarily the result of abnormal discharge in the motor circuit of the basal ganglia. The effects of inactivation of STN and GPi differed in some aspects. Notably, far smaller absolute amounts of muscimol in STN had essentially the same anti-parkinsonian effects as larger doses in GPi, and STN inactivation resulted in prominent dyskinesias, whereas GPi inactivation did not. A more spatially concentrated organization of the motor and other circuits in STN relative to GPi probably accounted for the similar anti-parkinsonian responses to different doses of muscimol, whereas differences in the positions of STN and GPi within the basal ganglia circuitry may have, in large part, resulted in the contrasting dyskinesia effects. Inactivation of STN also affects GPe activity, which is thought to result in altered inhibition of GPi via the monosynaptic GPe -GPi projection (Shink et al., 1996) . Furthermore, the STN likely contains portions of the motor circuit that traverse the substantia nigra pars reticulata (SNr) and are therefore not reached at all by GPi injections. Finally, in contrast to GPi inactivation, STN inactivation produces only a reduction here (Wichmann et al., 1994b) rather than an abolishment of GPi output and potentially causes important changes in the discharge pattern of GPi neurons, as well. Thus, GPi and STN inactivation produce different effects on GPi output that may be significant in their own right and may also, importantly, influence compensatory mechanisms in downstream portions of the motor circuit, such as thalamus, cortex, and brainstem structures.
Based on the models, inactivation of GPe should enhance discharge activity in STN and GPi and thereby produce disturbances in motor function. None of the muscimol injections placed throughout GPe, however, worsened motor function. Primarily consistent with our findings, Kato and Kimura (1992) observed only modest flexion posturing abnormalities during pharmacological blockade in GPe in normal primates. However, in contrast to these results, Blanchet et al. (1994) reported that large excitotoxic lesions in GPe produced a worsening of parkinsonian signs and levodopa-induced dyskinesias in parkinsonian primates. The reason for this discrepancy may be the fact that these excitotoxic lesions were far larger than the areas inactivated in our study. In addition, there may be additional pharmacologic differences be- Figure 2 . Parasagittal reconstructions (lateral 6 -11) illustrating the sites of focal injections of muscimol in the GPi and the resultant improvements in generalized ( A) and contralateral forelimb ( B) akinesia in two parkinsonian monkeys. The sites producing contralateral circling and atypical behavior are also indicated ( A), as are sites of injections in the GPe. Open small squares indicate sites with no motor effects, and filled squares, asterisk s, and open circles indicate the levels of changes in postinjection scores from mean baseline scores for akinesia, atypical behavior, and contralateral circling, respectively. The gray shaded reg ions represent general (A) and specifically, forelimb (B) sensorimotor territories across four monkeys (detailed in Fig. 1 A) .
tween injections of muscimol and excitotoxins such as ibotenic acid.
The basal ganglia motor circuit has been considered to be primarily organized in a somatotopic manner in normal animals (DeL ong, 1971; DeL ong et al., 1985; Wichmann et al., 1994a) . This arrangement probably undergoes significant reorganization in parkinsonism that may go beyond the alterations in discharge of individual neurons. Although the extent and distribution of limb representations in GPi and STN probably remain relatively unchanged in parkinsonian monkeys and humans (Vitek et al., 1998) , individual basal ganglia neurons show a prominent loss in specificity of proprioceptive responses in the parkinsonian state (Filion et al., 1988; Vitek et al., 1998) . This loss of specificity may partially account for the findings that both forelimb and generalized akinesia were ameliorated by inactivation of single sites in GPi and STN. However, the effects of inactivation may not be entirely reflected by the somatotopy of the injected nuclei because, for example, the distribution of dyskinesias also do not seem to correspond to the nuclear somatotopy, even in the normal state (Whittier and Mettler, 1949; C arpenter et al., 1950; Hamada and DeL ong, 1992) (but see Wichmann et al., 1994b) . Therefore, as f urther supported by the demonstration of multiple overlapping homunculi in the STN in normal primates (Nambu et al., 1996) , the somatotopic representations within basal ganglia nuclei appear to be organized in a highly complex manner.
The division of the motor circuit into subcircuits (Monakow et al., 1978; Hoover and Strick, 1993; Yoshida et al., 1993; Nambu et al., 1996; Takada et al., 1998) may also be to some extent disordered in the parkinsonian state. Bradykinesia, a motor execution problem, has been suggested to result from abnormalities in the motor subcircuit originating in the primary motor cortex (Hallett, 1990) , whereas higher-order motor control problems, such as akinesia (Benecke et al., 1987; Bloxham et al., 1987; Pullman et al., 1988; Hallett, 1990; Jahanshahi et al., 1992; Pascual-Leone et al., 1994) , have been linked to abnormalities in the supplementary motor area-based motor subcircuit (Dick et al., 1989; Hallett, 1990; Playford et al., 1992) . However, in line with the contentions of Gross and et al. (1999) , our experiments suggest that both akinesia and bradykinesia may result from abnormal discharge activity in the rostral portion of the sensorimotor territory of GPi. Akinesia and bradykinesia could therefore originate from abnormalities in the same or at least overlapping circuits in the parkinsonian state.
Circling and other behavioral disturbances
Circling is a common feature in animals with an imbalance between the basal ganglia outputs in the two hemispheres (Oberlander et al., 1977; Olpe et al., 1977 , Scheel-Kruger et al., 1977 Hikosaka and Wurtz, 1983a-c; Sirinathsinghji, 1985; Bankiewicz et al., 1986) . For instance, localized inactivation of the medial SNr induces contraversive turning, which has been attributed to abnormalities of the nigro-collicular projection (Hikosaka and Fig. 1 B) . Wurtz, 1983a-c; Burbaud et al., 1998; Lestienne and Thullier, 1998; Wichmann et al., 2001) . In the present experiments, contraversive circling, as well as truncal and head turning, gaze deviation, and horizontal nystagmus, were induced by muscimol injections placed into the rostral "associative" portions of GPi and STN and could be readily dissociated from sites producing anti-akinetic and anti-bradykinetic effects. In this case, circling behavior may have resulted principally through disinhibition of thalamic circuits, perhaps inducing abnormal activity in cortical oculomotor areas.
Patients with PD often show behavioral abnormalities, including increased irritability, loss of interest in daily activities, depression, and cognitive deficits. After treatment with MPTP, the monkeys often displayed comparable features, such as aversion to physical contact by the investigators, reduced grooming, and diminished interest in their environment. Moreover, distinct idiosyncratic behaviors, including stereotypic hopping and picking of the skin, were induced by discrete inactivation in the medial portion of GPi and in the ventral medial region of STN. Because these injection sites were distinct from those that induced strong contraversive circling, these results support the concept that the nonmotor territory of the basal ganglia is likely further segregated into distinct subcircuits (Yeterian and Pandya, 1991; Haber et al., 1995) and changes in these circuits probably contribute to the behavioral deficits in PD.
As postulated for the motor abnormalities in PD, analogous abnormal neuronal discharge in nonmotor portions of the basal ganglia may account for associated behavioral disturbances. However, the inactivation results suggest that behavioral abnormalities should not be treated equivalently to the motor disturbances in PD, i.e., by extending surgical lesions into the nonmotor territory of the basal ganglia. This impression is further supported by reports of untoward cognitive and behavioral side effects, including manic episodes, in human patients with lesions or chronic stimulation involving these circuits (Lombardi et al., 2000; Miyawaki et al., 2000; Saint-Cyr et al., 2000) .
The reason why motor and nonmotor abnormalities appear to respond differently to basal ganglia inactivation is unclear. Conceivably, the compensatory mechanisms that come into play after lesioning are different between these circuits or perhaps many of the behavioral abnormalities in parkinsonism result from other mechanisms, such as cortical neuronal degeneration (Vermersch et al., 1993) or nondopaminergic neurotransmitter deficits (Bedard et al., 1998 (Bedard et al., , 1999 , which are only further aggravated by subcortical lesioning. Regardless of the mechanisms involved, the more compressed anatomical architecture of the STN, relative to GPi, could impart a higher associated risk for cognitive side effects from stimulation or inadvertent extension of lesions into nonmotor regions. Ongoing studies in patients with PD should help to further clarify these issues.
Surgical strategies in humans
The present studies underscore that inactivation of discrete regions in the central territory of GPi and the lateral portion of STN are sufficient to ameliorate parkinsonian motor signs (at least bradykinesia and akinesia) and that larger lesions that extend into nonmotor territories may, in fact, be deleterious. These results suggest that surgical results might be optimized by placing more discrete lesions and restricting the extent of chronic stimulation to minimize the risk of involvement of nearby structures, such as the associative areas in the basal ganglia, the internal capsule, or the optic tract. Moreover, the demonstration here of strong antiparkinsonian effects with strictly fiber-sparing inactivation methods suggests that strategies to destroy pallidal outflow tracts also may not be warranted. Although no effects were produced by muscimolinduced inactivation in GPe, the findings of Blanchet et al. (1994) suggest that GPe should be carefully avoided during GPi-targeted surgeries. Clinical-magnetic resonance imaging correlation studies in parkinsonian patients assessing for clinical outcome correlations of inadvertent extension of lesions into GPe could be undertaken to further address this issue.
